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Core-level electronic structure of La1−xSrxMnO3 has been studied by x-ray photoemission spectroscopy
(XPS). We first report, by the conventional XPS, the well-screened shoulder structure in Mn 2p3/2 peak,
which had been observed only by hard x-ray photoemission spectroscopy so far. Multiple-peak analysis re-
vealed that the Mn4+ spectral weight was not proportional to the nominal hole concentration x, indicating
that a simple Mn3+/Mn4+ intensity ratio analysis may result in a wrong quantitative elemental analysis.
Considerable weight of the shoulder at x=0.0 and the fact that the shoulder weight was even slightly going
down from x=0.2 to 0.4 were not compatible with the idea that this weight simply represents the metallic
behavior. Further analysis found that the whole Mn 2p3/2 peak can be decomposed into four portions, the
Mn4+, the (nominal) Mn3+, the shoulder, and the other spectral weight located almost at the Mn3+ location.
We concluded that this weight represents the well-screened final state at Mn4+ sites, whereas the shoulder
is known as that of the Mn3+ states. We found that the sum of these two spectral weight has an empirical
relationship to the conductivity evolution with x.
PACS numbers: 79.60.-i, 71.20.Ps, 71.30.+h, 72.80.Ga
Keywords: photoemission spectroscopy, colossal magnetoresistive manganese oxide, electronic structure
I. INTRODUCTION
3d transition-metal (TM) oxides with the perovskite-
type structure R1−xAxMO3 (R: rare earths, A: alkaline
earths, M : TM) exhibit a variety of physical properties.
This is because complex interplays among the charge,
spin and orbital degrees of freedom exist in these com-
pounds, as often discussed.1–3 However, what are more
important than the interplays themselves are subtle bal-
ances of them. In this sense, R1−xAxMO3 oxides have a
big advantage because the tertiary formula of their com-
pounds (RMO3 and AMO3) enables us to finely tune
the balances, primarily the number of charge carriers,
by controlling x with minimal structural/environmental
changes at the TM sites. In many 3d TM perovskite-
type oxides, a family of manganese oxide R1−xAxMnO3
and their relatives occupies a special place because of its
extraordinary property, the colossal magnetoresistance
(CMR).4–6 This phenomenon is widely known as a man-
ifestation of the complex interplays that are emphasiz-
ing a strong coupling between metallic conductivity and
ferromagnetism, although it has not reached complete
understanding yet. CMR is thus still attracting much
attention and interest by a number of researchers.
To seek the origin of CMR, particularly an aspect
of the electrical conductivity, x-ray photoemission spec-
troscopy (XPS) is one of the powerful tools because it
directly probes the electrons coming out of the target
sample.7–9 Core-level XPS is known as a typical element-
a)t-hishida@mg.ngkntk.co.jp
selective technique and suitable for investigating the va-
lence state of TM ions in the sample. However, the pho-
toemission spectroscopy is generally surface sensitive and
one should always pay appropriate attention when com-
paring the obtained spectra with macroscopic properties
such as bulk electrical conductivity. Bulk-sensitive hard
x-ray photoemission spectroscopy (HX-PES)10 using syn-
chrotron radiation was a breakthrough to overcome this
difficulty and an increasing number of HX-PES studies
have been reported in the past few years.11–14 Among
them, Horiba et al.11 found a new shoulder structure in
the lower binding energy side of Mn 2p3/2 core-level HX-
PES peak of La1−xSrxMnO3 (LSMO) thin films, which
had never been observed until then because, according to
their report, surface sensitivity in the conventional pho-
toemission measurements is higher than HX-PES. More
interestingly, this new structure changed its intensity
with metal-insulator transition (MIT) either by tempera-
ture or hole concentration x, being interpreted as a well-
screened peak due to electronic states at/near Fermi en-
ergy (EF). With regard to the temperature-dependent
change, Ueda et al. found a good agreement between
the conductivity and the magnetization calculated using
a hybridization term deduced from the core-level spec-
tra of their La0.85Ba0.15MnO3 thin films.
14 However, the
origin of the new structure and its relation to electrical
conductivity has not yet been clarified completely be-
cause (1) the insulating LaMnO3 (LMO) also has this
structure as a hump and (2) no systematic investigations
extending for the Sr-rich region have been done so far.
In this paper, we re-examine the Mn 2p core-level pho-
toemission spectra of sintered bulk LSMO by conven-
tional XPS to search how spectral features, including
2the above-mentioned shoulder structure, evolve with x
and how they can be correlated to electrical conductiv-
ity. From a detailed multiple-peak analysis, we propose
an empirical relationship between some components of
Mn 2p3/2 peak and the electrical conductivity.
II. EXPERIMENTAL
Polycrystalline sample of La1−xSrxMnO3 (x=0.0, 0.1,
0.2, 0.33, 0.4, 0.5, 0.55, 0.67, 0.8, 0.9, and 1.0) were
prepared by solid-state reaction. Starting powders of
La(OH)3 (99.9 %, Shin-Etsu Chemical Co., Ltd.), SrCO3
(99.8 %, SAKAI CHEMICAL INDUSTRY Co., Ltd.),
and Mn2O3 (99.9 %, KOJUNDO CHEMICAL LABO-
RATORY Co., Ltd.) were weighted in specific propor-
tions and then mixed in a ball milling for 15 hr using
zirconia balls and ethanol. The mixed powders were
dried and heated at 1100 ◦C for 2 hr in air. After it
had cooled, they were crushed in the ball milling again
for 15 hr. The powders were dried, and pressed into pel-
let forms under the isostatic pressure of 0.8 ton/cm2, and
then sintered at 1600 ◦C for 1hr in air. The crystal struc-
ture of LSMO was characterized by Rietveld treatment
of the x-ray diffraction (XRD) profiles in Table I. XRD
data were measured at the BL19B2 of SPring-8.
The XPS measurements were performed with a PHI
Quantera SXM (base pressure 5×10−9 Torr) instrument
using a monochromatic Al Kα source (hν=1486.6 eV)
with the total energy resolution of about 0.64 eV in full
width at half maximum (FWHM). The analyzer pass en-
ergy was set to 55 eV for narrow scans. In order to obtain
fresh, clean surfaces, the samples were fractured in the
prep chamber at room temperature right before the mea-
surements. The binding energy was corrected by using
the value of 84.0 eV for the Au 4f7/2 core-level spectrum.
The measurement vacuum was better than 1×10−8 Torr.
Electrical conductivity was measured by a dc four probes
method (ADVANTEST, Type 6242).15
TABLE I. Crystal structure, space group, and lattice param-
eters of LSMO.
Crystal Space Lattice parameters (A˚)
x structure group a b c
0.00 orthorhombic Pnma 5.63445 7.73557 5.53516
0.10 orthorhombic Pnma 5.76259 7.75083 5.54745
0.33 rhombohedral R3¯c 5.50074 13.35744
0.40 rhombohedral R3¯c 5.48504 13.34683
0.50 tetragonal I4/mcm 5.44390 7.75818
0.67 tetragonal I4/mcm 5.42619 7.70060
0.80 cubic Pm3¯m 3.82500
1.00 hexagonal P63/mmc 5.44578 9.07628
III. RESULTS AND DISCUSSIONS
Mn 2p core-level XPS spectra of LSMO with various
Sr concentrations are shown in Fig. 1. All the spectra
have 2p3/2 and 2p1/2 spin-orbit doublet peaks located
at ∼641 eV and ∼653 eV, respectively. The broad peaks
located around 665−666 eV are the charge-transfer satel-
lites of the 2p1/2 peak.
16,17 The lineshape of Mn 2p3/2 of
LMO is essentially the same as that of Mn2O3 with the
same 3d4 (Mn3+) electron configuration (see Fig. 3 (a)),
except that the LMO peak has a small shoulder, which
is obvious up to x=0.5. We will discuss this shoulder
in detail later. On the other hand, the SrMnO3 (SMO)
spectrum, having a double-peak structure characteristic
of 3d3 electron configuration, is almost identical to that
of MnO2 with the 3d
3 (Mn4+) electron configuration (see
Fig. 3 (b)). The Mn 2p3/2 peak width gradually increases
probably due to the chemical shift of the Mn 2p3/2 peak
from Mn3+ to Mn4+, indicating that the Mn4+ compo-
nent systematically grows with x as expected. However,
it actually increases even up to x=0.8 and then rapidly
decreases in x > 0.8 with significant changes in lineshape.
Hence, the Mn valence may be changing more rapidly in
x > 0.8 than x ≤ 0.8.
Figure 2 shows detailed comparisons in the Mn 2p3/2
region. Here, the background intensity due to secondary
FIG. 1. Mn 2p core-level XPS spectra of LSMO with various
Sr concentrations.
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FIG. 2. (Color online) Mn 2p3/2 core-level XPS spectra of
LSMO with various Sr concentrations.
electrons were subtracted from the spectra using the
Shirley-type background correction18 and the spectra
have been normalized with their areas from 635.0 to
648.5 eV. One can observe that the shoulder structure lo-
cated at ∼639 eV already exists in x=0.0, develops upto
x = 0.4 and then loses its weight for x > 0.5. This shoul-
der, characteristic of the LSMO system (particularly in
the metallic phase), has been considered to be measur-
able only by HX-PES.11 We note that the present result is
the first decisive observation of the shoulder in the spec-
tra from sintered bulk samples by the conventional lab
XPS, which is less bulk-sensitive than HX-PES. The in-
tensity of the shoulder is, however, smaller than observed
in HX-PES, probably due to less bulk sensitivity as al-
ready demonstrated.11 It is also noted that the shoulder
weight is substantial even at the insulating x=0.0 and
still finite upto x=0.8 (discussed later), although insu-
lating Mn2O3 has no this weight (see Fig. 3 (a)). Inter-
estingly, the shoulder was even observed in spectra from
the surface fractured in air (not shown). Combining the
fact that the O 1s spectrum from the fractured surface
in air has an extra surface-related peak, this may be in-
dicating that the electronic state related to this shoulder
has purely bulk nature and/or this electronic state at
surface is very stable against oxidization.
Since the finite shoulder weight at x=0.0 may
be caused by mobile carrier (or Mn4+) due to off
stoichiometry,11 we have checked stoichiometry of our
LMO sample. Several structural studies19–21 reported
that the stoichiometric LMO is orthorhombic and should
have the cell volume of 243−244 A˚3, which decreases with
increasing δ of LaMnO3+δ or x of La1−xSrxMnO3 (up to
x < 0.175 (Ref. 19)). The cell volume of our LMO was
241.1 A˚3, which is more stoichiometric than LaMnO3.025
(5 % Mn4+) with its cell volume of 240.7 A˚3 reported
by Ritter et al.21 Hence, our LMO sample was practi-
FIG. 3. (Color online) Mn 2p3/2 spectra of (a) LMO compared
with Mn2O3 (Ref. 27) and (b) SMO compared with MnO2.
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cally stoichiometric although it may have a small amount
of Mn4+, less than about 4 % (δ=0.02). In fact, theo-
retical calculations on eight MnO6 clusters reproduced
this shoulder in LMO, too.22 All these facts unambigu-
ously demonstrate that the shoulder is not merely a con-
sequence of doping-induced electronic states at EF as dis-
cussed by Horiba et al., who attributed the shoulder in a
LMO thin film to excess oxygen.11
In order to investigate the origin of the shoulder struc-
ture and extract more detailed information on the Mn
valence evolution, we performed multiple-peak fitting for
the Mn 2p3/2 spectra in a different way from the liter-
ature, which has not been well-established so far but is
accurate enough we believe to track the shoulder struc-
ture. In many reports, it is usually assumed that a spec-
trum of a certain x can be reproduced by an appropriate
superposition the Mn3+ and Mn4+ spectra.23–26 How-
ever, such a fitting won’t be adequate here because the
peak width and the shoulder intensity in particular do
not evolve linearly with x. Hence, we adopt a Mn2O3
(Ref. 27) and MnO2 (Ref. 28) spectrum as references of
the both ends of the Mn3+ and Mn4+ states, respectively;
Figure 3 (a) shows that the Mn2O3 spectrum (shifted
by no more than 0.1 eV towards EF) can explain the
LMO spectrum well only except the shoulder.29 On the
other hand, with a very tiny shift of 0.05eV towards EF,
the MnO2 spectrum almost completely agrees with the
SMO spectrum, as shown in Fig. 3 (b).29 The Mn2O3
and MnO2 spectra are thus appropriate as the both ends
in order to reproduce the spectra in all range of x and
4FIG. 4. (Color online) Multiple-peak fitting result for
Mn 2p3/2 spectrum of (a) La0.67Sr0.33MnO3 and (b)
La0.33Sr0.67MnO3.
track the intensity change at the shoulder. For the inter-
mediate x’s, we further introduced an additional peak for
the Mn3+ and Mn4+ main peaks, respectively, to simu-
late the spectral weight in the higher binding energy tail
of the Mn 2p3/2 spectra. All the three peaks (including
the one for the shoulder named “LEP”, which stands for
this low-binding energy peak) were assumed to have the
Voigt profile for simplicity. The binding energies and the
intensities of the end spectra (Mn2O3 and MnO2 ones
with tiny shifts) were varied. Thus, the fitting param-
eters were these and the magnitudes, widths, and the
binding energies of the three functions. To reduce ambi-
guity of the fitting, we subtracted the background inten-
sity due to secondary electrons from all the spectra using
the Shirley-type background correction.18
Figure 4 shows decomposition of the (a) x=0.33 and
(b) x=0.67 spectra as examples of the fitting. It is now
obvious that the low-binding energy hump in the exper-
imental spectrum is not just a continuation of the main
peak but does originate in LEP. In this way, we succeeded
in tracking the weight of LEP upto x=0.8, beyond any lit-
erature, where it is too small to be noticed as a structure
in the spectrum before decomposition. In fact, our ex-
perimental spectrum of x=0.8 is in good agreement with
a recent report by Bindu et al., although their fitting did
not include our LEP as an independent peak.24
The binding energy shifts of the Mn 2p3/2 compo-
nents with x are shown in Fig. 5 (a). The Mn3+ main
FIG. 5. (Color online) (a) Binding energy shift of LEP and
Mn3+, and their separation plotted as a function of Sr con-
centration x. (b) Relative spectral weight of the decomposed
peaks deduced from the multiple-peak analysis. Green trian-
gles, blue circles, and red diamonds denote Mn3+, Mn4+, and
LEP, respectively. The green dashed line denotes the Mn3+
weight expected by x, namely the La3+/Sr2+ ratio (not in-
cluding the LEP weight at x=0.0). Orange squares are de-
viation of the Mn3+ weight from this expected Mn3+/Mn4+
ratio. (c) Electrical conductivity of LSMO at room tempera-
ture and the sum of weight of LEP and the deviation of Mn3+.
The open circles and dotted line show an expected behavior
for an ideally bulk-sensitive measurement (see text).
peak slightly moves towards EF with x in agreement
with literature11, while LEP moves in the same direc-
tion more rapidly until x=0.67 and then back away from
EF. As a consequence, the separation between the Mn
3+
main peak and LEP increases with x until x=0.67, but
eventually decrease. This trend agrees with what was
5observed in the thin films by Horiba et al. although
their data were limited up to x=0.55.11 In their MnO6
cluster-model analysis, the separation was scaled by the
hybridization term V ∗ between the Mn 3d states and
the doping-induced EF state, leading them to the con-
clusion that V ∗ represents the magnitude of screening
by conduction electrons (We will denote this screening
as“conduction electron screening” (CES)). However, this
cannot explain the fact that there is substantial spectral
weight at the insulating LMO unless an amount of con-
duction electrons are assumed. Although they attributed
it to excess oxygen, it is somewhat questionable whether
such large peak in both their thin-film and our bulk sam-
ples can satisfactorily be explained by this scenario. On
the other hand, van Veenendaal’s calculation using a Mn8
cluster also reproduced a new peak corresponding to our
LEP, but he predicted the opposite behavior of the sep-
aration with x.22 In his framework, this peak represents
nonlocal screening (NLS) effects and does not necessarily
correspond to the well-screened final state due to exis-
tence of coherent band at EF.
Figure 5 (b) summarize the relative spectral weight of
the decomposed peaks deduced from the multiple-peak
analysis. It is found that the Mn3+ spectral weight does
not linearly decrease with x but is always higher than
the expected Mn3+/Mn4+ ratio; it is almost constant
in 0.1 ≤ x ≤ 0.4, gradually decreases with further in-
crease in x until x=0.8, and finally rapidly decreases to
zero in x > 0.8. On the other hand, the Mn4+ spectral
weight is almost constant in 0.1 ≤ x ≤ 0.4 and rapidly in-
creases after that in x ≥ 0.4. Even if we ignore weight of
LEP (it is not very large; see below), the above result is
clearly demonstrating that the simple Mn3+/Mn4+ ratio
assumption based on the La3+/Sr2+ ratio is not appro-
priate. After discussing LEP, we will be back to this issue
later.
The relative spectral weight of LEP first increases from
x=0.0 to 0.2, slightly decreases until x=0.4, and then
goes down more rapidly towards x=1.0. This change
is, again, essentially the same as what was observed in
thin films both at 300 K and 40 K as represented by
the evolution of V ∗, having the maximum at x=0.2.11
Hence, the CES scenario is not very compatible with the
electrical conductivity change with x, which is found in
vast literature.19 We also show our data at 300 K in
Fig. 5 (c). Nevertheless, their temperature-dependent
intensity changes in the peak at each x does demon-
strate the importance of CES. A simple NLS scenario
neither explains the spectral weight change with x well
since the calculated NLS peak behavior, moving towards
the main peak and rapidly losing its weight, is not what
was observed in the experiments. However, his calcula-
tions also predicted that the A-type antiferromagnetism
(A-AF) coupled to the Jahn-Teller (JT) distortion at
x=0.0 substantially reduces the separation and the spec-
tral weight.22
A promising interpretation of our and past experi-
ments/theories is that LEP includes both NLS and CES
nature of Mn3+ sites; at LMO (x=0.0), the A-AF coupled
to the JT distortion first suppresses the NLS peak.30 The
remnant of the A-AF and the JT distortion upto x∼0.1
keeps suppressing the NLS peak to some extent, but this
suppression decreases with decreasing A-AF and JT ef-
fects. In other words, the NLS shoulder affected by the
A-AF and JT effects at x=0.0 continuously evolves to
a larger NLS peak in the ferromagnetic metallic phase
at x=0.1∼0.2, and then loses its weight simply due to
decrease in eg electrons in x ≥ 0.2. In this metallic
range, however, CES nature develops in parallel, pre-
venting from a rapid weight loss of the peak. Finally,
both NLS and CES weight disappear with decrease in eg
electrons. The change of the separation from the main
peak with x can also be understood by the same idea;
with decreasing A-AF and JT effects with x, the sep-
aration becomes large.22 In the range of x ≥ 0.2, in-
creasing CES nature takes over the origin of the increase
in the separation.11 Finally, the separation turns to de-
crease a little in the largest x’s because of dominant NLS
nature.22 Here we note that the NLS and CES cannot be
distinguished in the metallic phase.
Based on the above interpretation, we may expect that
the spectral weight of LEP behaves as the electrical con-
ductivity with x. Fig. 5 (c) shows Sr-doping dependence
of electrical conductivity at 300 K. It increases with x
in the range of 0.0 ≤ x ≤ 0.4, taking the maximum at
x = 0.4, gradually decreases in 0.4 ≤ x ≤ 0.8, and a rapid
drop follows in x ≤ 0.8. However, this behavior does not
agree with that of LEP described earlier. In particular,
the conductivity of LMO (x=0.0) is lower than x=0.8
while the LEP weight at x=0.0 is much larger than at
x=0.8. Hence, the spectral weight of LEP alone is not
actually representing electrical conductivity.
Why does not the intensity variation of the well-
screened peak due to NLS/CES represent the electrical
conductivity? We believe that this question is closely
related to the deviation of the Mn3+ weight from the ex-
pected value; both NLS22 and CES11 calculations were
limited to Mn3+ sites, ignoring these effects at Mn4+
sites. However, there should be such well-screened peak
for the Mn4+ configuration, too and it should be located
at a lower binding energy side of the Mn4+ main peak.
Hence the Mn4+ NLS/CES peak would be overlapping
with the Mn3+ main peak and this is the reason why the
apparent Mn3+ weight is larger than expected, namely
the observed deviation of the Mn3+ weight probably rep-
resents the Mn4+ NLS/CES weight.
The sum of weight of LEP and the deviation (orange
squares in Fig. 5 (b)) is compared with the electrical con-
ductivity in Fig. 5 (c). The overall trend of the weight
sum has fair agreement with that of the electrical con-
ductivity. From x=0.0 to 0.2, the weight sum increases
with x in agreement with the conductivity.31 It even re-
produces the smaller conductivity of 0.0 ≤ x ≤ 0.2 than
0.67 ≤ x ≤ 0.8 in spite of the larger LEP weight in the
former range. The conductivity has a peak at x=0.4
and a large drop from x=0.4 to 0.5 in agreement with
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FIG. 6. (Color online) Schematic weight decomposition of
Mn 2p3/2 peak. The area below (above) the red (blue) curve
denotes the Mn3+ (Mn4+) main peak. The well-screened peak
intensity due to NLS and/or CES is in between. Note that this
figure does not include the temperature-dependent changes.
other reports,3 which may be reflecting of a structural
phase transition here.3,32 However, the weight sum fails
to reproduce the peak and the drop from x=0.4 to 0.5 in
the conductivity. This is probably because the lab-XPS
measurement is more surface sensitive than HX-PES and
the bulk-sensitive CES weight11 is underestimated in the
metallic range of x due to reduced ferromagnetism at
surface.33 In other words, if the spectra were ideally bulk-
sensitive, the weight sum of the x=0.33 and 0.4 (which
are the most metallic samples) would be larger than ob-
served and the weight sum behavior will be more similar
to the electric conductivity, namely, the weight sum qual-
itatively reproduces the peak and the drop and even the
plateau of the conductivity around 0.67 ≤ x ≤ 0.8 as
well.
A schematic relative spectral weight of each component
in Mn 2p3/2 core-level peak deduced from the present re-
sults is shown in Fig. 6. The total NLS/CES weight
comes from both Mn3+ and Mn4+ sites and the NLS na-
ture is dominant in the well-screened spectral weight near
the both insulating ends, while the CES nature becomes
dominant in the metallic phase. However, we note that
even NLS will not be observed if the system is very in-
sulating, implying that NLS in the insulating phase still
manifests the electrical conductivity to some extent. As a
result, the total NLS/CES weight is found to be a rough
measure of electrical conductivity of the system.
IV. CONCLUSIONS
In conclusion, we have studied the core-level electronic
structure of La1−xSrxMnO3 by XPS. Employing a care-
ful sample synthesis, we have, for the first time by the
conventional XPS, succeeded in observing a clear well-
screened structure at the lower binding energy side of
the Mn 2p3/2 core-level spectra, which had been observed
only by HX-PES so far. By the multiple-peak analysis
on the Mn 2p3/2, we identified the well-screened peak in
a wide range of 0.0 ≤ x ≤ 0.8 and established its in-
tensity/location changes with x, which were not consis-
tent with a simple metallic screening. The multiple-peak
analysis also revealed that the Mn4+ spectral weight was
not proportional to the nominal hole concentration x but
substantially less than expected. The resultant excess
Mn3+ was considered as the well-screened peak from the
Mn4+ sites, which was supported by an empirical rela-
tionship between the sum of the well-screened weight and
the electrical conductivity.
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